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EFFECT OF COMPOSITION ON STRESS CORROSION CRACKING OF
AUSTENITIC STAINLESS STEELS IN SEVERAL CONCENTRATIONS

OF BOILING MgC1 2 SOLUTIONS

Masamichi Kowaka and Takeo Kudo,
Central Research Laboratories, Sumitomo Metal

Industries, Ltd, Amagasaki, Japan

I. Introduction /1320*

Numerous research results have been reported in the past

concerning stress corrosion cracking of austenitic stainless

steels in high concentrations of chloride solutions. Most of

these have used boiling 42% MgC1 2 solutions' (154 0 C) as the ac-

celerating test liquid, and there are few studies which have

studied the cracking susceptibility of materials with attention

focused on the environmental factors. Nevertheless, in view of

the fact that stress corrosion cracking is a phenomenon which oc-

curs when there are interrelations between the material factors,

the stress factors, and the environmental factors, especially

between the material factors and the environmental factors, it

would be extremely problematical to make an evaluation of the

cracking susceptibility of a material without taking the environ-

mental factors into consideration. For example, it has been

clearly established that in a boiling 42% MgC1 2 solution, Ni, C,

and Si reduce remarkably the cracking susceptibility [1-7].

However, in certain actual environments, the cracking suscepti-

bility is not necessarily reduced even when the Si contents are

increased. This fact indicates that the environmental factors

cannot be ignored in evaluating the cracking susceptibility of

materials.

A solution with a boiling point of 154 0 C has a concentration of
45%. However, this expression has been adopted here in ac-
cordance with conventional usage.

* Numbers in the margin indicate pagination in the.foreign text.
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Therefore, in this report we investigated the effects of

the component elements on stress corrosion cracking of austenitic

stainless steels in boiling MgC1 2 solutions with various concen-

trations and studied the manner in which the effects of the

component elements differed depending on the corrosion properties

of the solution. At the same time, we considered the significance

of using boiling 42% MgC1 2 solutions as a testing solution for

accelerating stress corrosion cracking.

II. Materials Tested and Experimental Methods

1. Materials Tested

In order to examine the effects of the component elements,

the following alloys-werecmelted using a high-frequency induction

furnace: those consisting basically of 18Cr-10Ni and varying

the contents of C, Cu, N, P and minute amounts of Mo; those

consisting basically of 17Cr-13Ni and varying the contents of Si

and Mo; those consisting basically of 18Cr and varying the Ni

contents; and those consisting basically of 10Ni and varying the

Cr contents. Furthermore, since P remarkably increases the

cracking susceptibility in a boiling 42% MgCl 2 solution [8],

the P contents were adjusted so that it would be possible to obw

serve the effects of the target components. The test pieces were

first forged and hot rolled into plates 7 mm thick and then cold

rolled to a thickness of 4.9 mm. Thenythey were given solution

heat treatment at 1100 0 C x 30 min WQ, and tension type test pieces

measuring 3 x 20 mm at their parallel parts were produced. For

the SUS 304, 316, 321, and 347 stainless steels sold on the

market and the Carpenter 20 steel, tension type test pieces as

well as strip-shaped test pieces measuring 2 x 10 x 75 mm were

similarly produced. After these test pieces had been polished

with #0 emergy paper, they were given stress relief annealing Atv

1100 0 C x 10 min AC for the purpose of eliminating the effects

of the machining. Furthermore, some of the strip-shaped test
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pieces were given sensitization treatment at 6500C x 5 hours AC. /1321

Subsequently, in order to remove the surface films, the strip-

shaped test pieces were polished lightly with #0 emery paper, and

the tension type test pieces were electropolished in an aqueous

solution of phosphoric acid, sulfuric acid, and chromic acid.

Then they were tested. The chemical compositions(,))f the test

pieces are shown in Table 1, where are also given the tensile

strength.aridlproof strength measured using the tension type test

pieces.

TABLE 1. CHEMICAL ANALYSES AND MECHANICAL
PROPERTIES OF STEELS

0.200 Ten. ilr
Chemical conir. iton t ", prft-;.ir englI

Alloys strength I n.
C .i Mn 1. Cu Ni Cr M N (thrs okig nun12

.".US f :t 0.'3 ".52 1.69 0.023 0.3 9.39 19.13 0.6 o.(031 --
SUS 311 4l'j o.51i 1.6 • (l .. , 0.05 9.2: 18.51 1.13 1.03i) 20.6 59.4

SUS 316 - 0. T2 0.33 1.65 .2. o.22 13.49 16.46 2.11 0. 2
S ,.S 316' o.049 0.5 , 1.72 . ' .26 13.43 16.99 2.2 0.02 20.2 52.9
SUS 321 0.t6 0.€A; 1. , 0..i1 . (1.01 1i.81 17.71 0.16 0.011 io n ..
suS 3l 05 4 n.l 1.58 ".018 1.416 11.9. 17.62 o- i i.t24 Loo .

Carpenter 2 .04.8 0.73 1.35 0.023 3.28 28.34 19.51 2.45 ).ii iea -

C-1 0.032 0.43 1.4. 0.014 .o.0 10.( 17.93 0 O.1 0.01" 2.3 to.7
C-2 0.11 .:39 1.47 0.014 .0.01 10.25 17.70 -) 0.01 0.014 24.3 63.:.
Si-I 0.o) 0.49 1.55 0.018 .. O.il 13.0) 16.835 0.01 0.011 20.2 52.8
Z;-2 0.(G4 2.28 1.51 0.o1i5 0 .01 12.57 17.77 )0.0l 0.(012 23.0 58.9
Cu-I o.iol 01.39 1.47 0.i'14 0.01 10.25 17.83 .o 1 0.014 22.6 tI.6
Cu-2 0.08 0.46 1.41 0.012 1.07 10.) 18.i0) 0.(1il 0.016 19.5 51.8
Ni-l 0.07 0.50 1.42 0.416 0.01 13.3 18.37, 0.i6 0.052 21.2 53.7
Ni.-2 08 . 0.53 1.52 0."13 0. 01 18.63 18.40 0.-A14 0.018 20.2 53.2
Cr-I 9..o6 0.;46 1.37 0.010 <o.01 1o. 9J 15.62 • o.4)1 0.015 24.0 , 8
Cr-2 0.(6 0 46 1.38 0.012 0.01 10.50 19.85 .1 0."1 0.'15 25.0 9.7

o-1 o.o18 0.51 1.42 0.W6 . 0.01 13.14 17.07 - 0.01 0. r 16.3 53.4
Mo-2 .i50l 0.46 . 1.44 0. 16 <0.01 12.74 17.36 0.96 0.1112 15.9 52.7
Mo-3 0.)43 0.4A 1.39 0.06 -0.01 13.23 16.78 1. 6 0. 020 17.7 52.8
N-I i).i, 0.52 1.54 0.i.7 (0.01 10.04 17.82 o.mr3 0.028 21.2 -. 2
N-2 0.07 0.40 1.27 0.1o5 .0.01 10.30 17.84 0. t4 0.299 38.8 1..

A 0.06 0.46 1.49 0.006 <0.01 10.31 18.00 <0 001 0.014 18.6 55.3
B 0.07 0.61 1.55 0 023 0.01 ' 10.31 18.28 0.005 O.0(7 • 17.6 .5..3
C 0.o7 0.43 1.29 0.002 0.01 10.49 17.73 0.10 0.031 2).3 58.3

Eg ODUGJi LITY OF Th

2. Experimental Methods 
ORIGINAL PAGE IS POOR

The stainless steels available on the market were made into

strip-shaped test pieces and given pretreatments as outlined

above. These test pieces were bent in a U shape and constrained
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for 5 mm;. Then they were immersed in a 20445% boiling MgC12

solution and tested. They were checked for cracking at suitable

time intervals. The concentration of the solution was adjusted

by means of the boiling point. The testing time was 300 hours.

The effects of the component elements were studied by means

of the tension type test pieces. Their cracking time was measured

in boiling MgC1 2 sblutions of various concentrations. The stress

applied was mostly 25 kg/mm2. For the 304 and 316 steels, we

also measured the temporal changes in the natural potential after

the stress had been applied. Saturated calomel electrodes were

used as the reference electrodes. In cases when a saturated

MgC1 2 solution at room temperature was used and when the test

liquid had a concentration of less than 35%, the measurements

were made through a MgCl2 solution at room temperature having the

same concentration as the test liquid.

III. Experimental Results

1. Stress Corrosion Cracking Susceptibility of Stainless Steels
on the Market

(1) Effects of Concentration of Boiling MgCl2 Solution

The U-bend method was used to study the effects of the con-

centration of the boiling MgC12 solution on the stress corrosion

cracking of stainless steels sold on the market which had been

given solution heat treatment or sensitization treatments. The

results are as shown in Table 2. When the 304, 321, and 347

steels were given solution heat treatment, the lower limits of th/1322

the MgCl 2 concentration at which cracking odcurred were 20-25%.

On the other hand, the lower limit of concentration for the 316

steels, which have a high corrosion resistance, was 35%. In

the case of the Carpenter 20 steel, cracking occUrred only in a

45% MgC1 2 solution. There were almost no changes in the lower

concentration limits for cracking when the steels were given

4



TABLE 2. EFFECT OF CONCENTRATION OF BOILING MgCl 2 'SQLUTIONS ON
STRESS CORROSION CRACKING OF COMMERCIAL ALLOYS '

BY' U-BEND METHOD

Cracking time (hr) and fracture smode
l1at Alloys --- -

treatment C gC 35% gCI, 30% MgCI,2gC45% 119C2 0 /0

304 a' <5, T <20, T <20. T <20, T i 100, T 300.31 T, o T <M, T <N . N.., N.C.T
Slto 3 <20. T 20.T <202.T 2 T I <100, T <300", TSolution <5,T<21

treatment 347 5: T <20, T <2 T ' 00. T N.C.
Carpenter 20 T N.C. N.C. N.C. N.C. N.C.

3 04(a) <S, T <20, T <20. T <20. I <100. TI <100. TI

Senitization 316ia) T o 5OT .. : N.
Carpenter 8 T I N . ..

(1) *: partly cracked
(2) T: Transgranular, I:Intergranular. TI:mixed crack, N.C. :not cracked in 300hr test

sensitization treatment, but grain boundary cracking was observed

as the concentration of the MgC1 2 solutions declined. In the

304 steels, grain boundary cracking was included at concentra-

tions of 25% or less, and in the 316 steels, this was true with

35% MgC1 2 . Cracking of 304 steel which had been given sensi-

tizing treatment is shown in Photo 1.

The curves for the boiling point (concentration of boiling

MgC1 2 solutions and the fracture time in 304 and 316 steels given

solution heat treatment are shown in Figs. 1 and 2 for stresses

of 25 kg/mm2 and 15 kg/mm2 . At stress of 25 kg/mm2 , the minimum

fracture time was displayed by the 304 steel at 140-150 0 C and by

the 316 steel at about 150 0 C. These results differ from the

linear relationships sought by Edeleanu [2]. When the 3044)and

the 316 steels are compared, no pronounced differences in the

fracture times can be observed at high temperatures, but at tem-

peratures of less than about 130 0 C, the stress corrosion cracking

susceptibility of the 316 steel becomes remarkably greater than

that of the 304 steel. When the stress applied is 15 kg/mm2 , the

situation is different from that when the stress is 25 kg/mm2

That is, at temperatures of more than about 150 0C, the fracture

LPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR 5



times of the 304 steel and the 316 steel

are reversed, and 304 steel has a longer

fracture time.

(2) Induction Time and Propagation Time
of Stress Corrosion Cracking

. .When the curves for the boiling

point (concentration) of the boiling

MgCl 2 solutions and the fracture time of

the 304 and 316 steels were sought, it

was clearly established that the minimum

value of the fracture time is displayed

at a definite boiling point. One may /1323

suppose that convex curves are plotted i

at the bottom in this way because two

contradictory factors were added together.

Rooyen et al. [9, 10] measured the tem-

poral changes of the natural potential

while simultaneously performingnmicro-

; 0.2 observations. As a result, no cracking

P. S u cracking of could be observed before the peak po-
Photo.1I Str-is corrosion cracking of

,nsitiwM34(a)stainm steel tential was reached. Therefore,
in boiling .MgC12 solutions
(a)45%Mc 1

' )20%MCI1 they divided the fracture time into

two periods, calling the periodnbefore

the peak potential the "induction time" and the period after it

until fracture the "propagation time." The writers also measured

the natural potential and sought the induction time (ti) and the

propagation time (tp) for the 304 and 316 steels from the peak

potential. The typical temporal changes of the natural potential

in 304 steel after a stress of 25 kg/mm2 was applied are shown

in Fig. 3. As the boiling point (concentration) increases, the

peak potential rises, and a longer time is required to reach the

peak potential. The induction time, the propagation time, and

the fracture time for 304 and 316 steels sought from the temporal

6 REPJRODUCIBILITY OF THE
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changes of the natural potential

- are shown in Figs, 4 and 5. In

I both 304 and 316 steels, a longer
£ *

.' induction time is required as

the boiling point (concentration)

,0 rises. On the other hand, the

* * propagation time declines as

to the boiling point (concentration)

increases; at 16000, it is

#,o , , o S , o ,o 30440 min-in 304 steel or

. r 100-150 min in 316 steel. The
o"0 e"t Zfracture time is a combination of

F .1 Fracture time of 304(a and 3;S(a, stainks
staels utdAe thi " of ZkC'mm2 in both these times. In the final
varinus boiUng point of AIgCI, olutins results, 304 steel displays its

10,00- 1 minimum fracture time at 140-1500C,
I i Iand 316 steel does so at about.~ -. o0._

1500C.

to -L l 2. Effects of the Component
_o\ Elements

I * The effects of the component

oelements on the stress corrosion

Ss o a o o cracking in boiling MgC1 2 solu-
-*dso Paet ioc tions of various concentrationsI I I

s 1 40 4S

F Coc,.teree, ot s were studied in materials given
Fig.2 Fracture time of 304 (a' and 316(a) stainlessstes under timh sassof1smma in solution heat treatment when asteels under the stress of 15 kgmm' in

varios boiling point of MgC solutions stress of 25 kg/mm2 was applied.

(1) Effects of C

In a boiling 42% MgC1 2 solution, C causes a reduction of the

cracking susceptibility [4-7]. In this report, the base alloy

used was 18Cr-l0Ni steel with the P content , adjusted at 0.014% --

it being known that the P content- exerts a remarkably adverse

7



influence on the cracking sus-

' __ hceptibility [8], Studies were

. V 'c made of two alloys with C

contents of 0.032% and 0.11%.

,,~ The results are shown in Fig. 6.

Z Stainless steel with 0.032% C

._. _ . .. _ ... _. .. content,, displays the minimum
0 5 to 5 '0 to W01a

, I, ,..., fracture time at a temperature
Fig.3 Efrct of boiling pointon corrosion potential-

timne cums of 304(b) stainkw steml in of about 140 0C. On the other
bo~iling MgCI, solutions at 25 kgimm'gCutionsat25kmm' hand, when the C content is

' -- increased to 0.11%, the minimum

S ------- fracture time is displayed at

about 1350, and the cracking

susceptibility in boiling

""" CtI MgCl 2 solutions of higher than

- *140
0C and lower than 125 0C is

Pw-
.

ue.remarkably reduced. However,

S00 8 no effect of C can be observed

laduti° * at temperature of 125-1400 C.

,o--To o oD o ,so (2) Effects of Si /1324
80ilise Point ('CJ

I I I I I

25 so s o 45oe,.aretioa lotV Si is an element which

Fig.4 Induction, propagation and fracture time remarkably reduces the cracking
of 304{b) stainles steel in variis boiling

, .I gCs1 otionsat2 5,1I/m - susceptibility in a boiling

42%L MgCl2 solution [4-7], and

various;,stee~lswith a high Si

content which are resistant to

stress corrosion cracking have beentedeveloped(.l,,,n this report,

we studied two types of steel, consisting basically of 17Cr-13Ni

steel with Si contents of 0.49% and 2.28%. The results are shown

in Fig. 7. The stainless steel with a 0.49% Si content displays

its minimum fracture time at about 1400C. On the other hand,

when the Si content is 2.28%, the boiling point displaying the

8



minimum fracture time is lower

I 9,, (approximately 130 0 C), and the

cracking susceptibility becomes

remarkably small in boiling

- |MgCl 2 solutions of 143°C or higher.

50 q-- However, no pronounced effects

. : of Si can be observed at tem-& peratures of less than 130 0 C.

. (3) Effects of Cu

#to /.V 130 40 W o

'.I.. ,,P 1C1 The effects of Cu were studied
n .o 5 o 45

c.e.rer.,, ,.l . in two types of steels, consisting
Fig.S5 Induction. proipgation and fracture time

Of316(b) stainest elinvarious tiling basically of 18Cr-10Ni steel with
MgCi1 solutin at 25 kg/mm2gCl. slutionsat. /mm Cu contents of <0.01% and 1.07%.

The results are shown in Fig. 8.

Tn both steels, there is the

minimum fracture time at about

, 15000, and no pronounced effects

* of Cu can be observed at tempera-

tures above 12500. It is believed

,_ that this is because the adverse

*effects of Cu did not appear in the

5.difference in cracking suscepti-I ,bility since there was a somewhat
,oo high content of P, which functions

,so , o ,o 0 0 to increase greatly the cracking
_____, c susceptibility in MgC1 2 solutions

C-*t...,""o of a high concentration [8]. On
F ig.6 ffeIct of carbon content of 18Cr-10Ni
[ a nk-0stelsonthe tinlnont-tme the other hand, at temperatures

to fracture curs in MgC solutions

at 25skg/ams lower than 12500, Cu is observed

to have a tendency to reduce

the cracking susceptibility.

,,,, BITY orTF

0 JM)9



X C[) fects. ,o f N .

Ts In order to elucidate the

* effects of Ni on stress corrosion

cracking, we studied three types

- of steel consisting basically of

18% Cr with Ni contents of 10.25%,

13.33% and 18.63%. The results

Iare shown in Fig. 9. The stainless
no o40 ISO 160

s P at *c steel with 10.25% Ni and that with
is 40 45

ceoreti ( Y/13.33% Ni display their minimum
Fig.7 Effect of silicon content of 17 Cr-13 Ni

ajne steeontheboiing poit-time fracture time at 140-150 0 C. Ineri'
to fract=ur sin MgCl solutions creases in the Ni content cause
at 25 kg/mm'

reductions of the cracking sus-

- ceptibility, but this effect is

most pronounced at 145-155 0 C, while

the effect of Ni is no longer pro-

o nounced at temperature of less

I than 13000. When the Ni content'

\ increases further to 18.63%, the

cracking susceptibility will de-

. crease remarkably.

100
,oo J ;

__ (5) Effects of Cr
iO I 130 ) 0 ISO 160

Booke I  Powerf t°CI

55 40 45

c.,,,. ,,r .,. s In order to elucidate the

Fig.8 Effectof copper ontentof 18Cr-10,i effects of the Cr content'* on stress
stainless steels on the boiling point-time
tofractecures in MgCI solution corrosion cracking, we studied two
at 25 kg/mm2

types of steel consisting basically

of 10% Ni, with Cr content of

15.62% and 19.85%. They were studied in boiling MgC1 2 solutions

of various concentration. The results are shown in Fig. 10. The

stainless steel with 19.85% Cr displays its minimum fracture time

at about 15000. On the other hand, when there is a 15.62% Cr

RPe UkiILITY OF THE
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content',the minimumfracture time is /1325

. " Bdisplayed at about 130C, and there

is a remarkable reduction of the;.4 I cracking susceptibility in boiling

- . MgC1 2 solutions of 42% or higher.

S*" However, no pronounced effect of

1s, NJ Cr can be observed at less than

1300C.

• (6) Effects of Mo
'20 130 140 150 160

Benes,, Pega I "(

13 460 43

c..u.".,, ,.,, In order to elucidate the
Fig.9 Effect of nickel content of Fe-ISCr base

steel on the bWiling point-timne to effects of Mo, wetstudied three
fracture, curves in MW1C, solutions at
25 kg/mm' types of steel consisting basically

10M _ of 17Cr-l3Ni steel, with Mo con-

_tents of <0.01%, 0.96%, and 1.96%.
5000 --

\, 6J c, The results are shown in Fig. 11.
6 The stainless steel with <0.01% Mo

breaks at about 1401C, while

0 cracking does not occur at higher

,,, or lower temperatures than this,

. and a high resistance to stress

o0 corrosion cracking susceptibility is

displayed. However, this is so
Io IO 140 150 .160

e,ia P, t ~ 1 because there is a low P content
f I I

J$ 40 45
s,0trat. to, (0.006%), which is known to re-

Fig. 10 Effect of chromium content of Fe-1ONi
base steels on the boiling point-time to markably increase the cracking
fracture curves in MgCI4 olutions at susceptibility, in comparison with
25kg/mm susceptibility, in comparison with

the stainless steels sold on the

market [8]. When the Mo contents

are 0.96% or 1.96%, the cracking susceptibility at high tempera-

tures will increase rapidly, and the boiling points displaying

the minimum fracture time will be 150-1600 C. However, when the

0,96% Mo steel and the 1.96% Mo steel are compared at temperatures

11



S*---of less than 1309C, the stainless

steel with the higher Mo content
sox

C of* I e has a remarkably improved resis-

* tance to stress corrosion cracking

ow susceptibility.
t£

0 esA., (7) Effects of N

o The effects of N were studied

,?0 Io 140 Iso ,o for two types of steel consisting
eediW PDst t0C1#Jo ., basically of 18Cr-10Ni steel, with
c.wreeeft .t Iwts N contents of 0.028% and 0.299%.

Fig.11 Effect of molybdenum content of I Cr-

13i stainless steels on the boiling They were studied in boiling MgC12
point-time to fracture curvs in M0CITi
olu1msat 25,g/mm' solutions of various concentrations.

The results are shown in Fig. 12.

Since the stainless steel with a

3 6 il 0.028% N content has a low content
0" - -of impurities such as P or Mo,

cracking does not occur at higher

, than' 147 0 C, but fracture occurs

. at 130-1400C. On the other hand,

-. in the stainless steel with a

n , 0.299% N content, the boiling point

00o - displaying the minimum fracture

S0time shifts towards the higher,0 o., ;sp ISO 060
*..i.. ,P..t Ic1 temperatures (about 150 0 C), and
is 40 45

>c..e.t,,.,* twl fracture occurs within a short

Fi.12 of;O ,tgcnetofscr-l0Ni time in a boiling 42% MgCl2 solution.stainlem steek on the boiling point-time 2
to fracture curwves in M C4 solutions

at 25 kg/nm
(8) Effects of P and Minute

Quantities of Mo

The stainless steels sold on the market ordinarily contain

about 0.02% P and 0.05-0.3% Mo as impurities. It has also been

clearly established that these impurities such as P and minute

12



' i -] quanttles of Mo remarkably increase

• .~ ,i the cracking susceptibility in

so boiling 42% MgCl2 solutions [7, 8].

1 * ,In this report we studied the ef-

fects of P and minute quantities of
oC0 0 Mo in three types of steel con-

.- sisting basically of 18Cr-10Ni

I . steel with the following impurities:
j 0oggP,<'?01 OfI

_ =3to ",No . . - (0.006% P, <0.001% Mo), (0.023% P,
C ftp. 0.10 MP

I I 0.005% Mo), and (0.002% P, 0.10% Mo).
120 JLO Mc !" 60

o .ia ,.i. ro The results are shown in Fig. 13. /1326

3ct5re. ,t % The steels with reduced P and Mo

F- .13 Efffts of phosphors and molybdenum
contents of18Cr-ONistainsteels contents will undergo fracturing at
on the boiling point-time to fracture 13 but
cue a 13800 (40% MgC 2 ) but will become

rapidly immune to cracking at tem-

peratures higher or lower than this.

They are immune in the boiling 42% MgCl 2 solutions which are com-

monly used as testing solutions accelerating stress corrosion

cracking. On the other hand, in stainless steel containingID

0.023% P or 0.10% Mo, the boiling point displaying the minimum

fracture shifts towards the higher temperatures (140-1500C), and

the cracking susceptibility will become remarkably high in boiling

42% MgCl 2 solutions. The adverse effects of P and minute quan-

tities of Mo are especially pronounced at temperatures higher

than 14000.

IV. Discussion

When the effects of the concentration of the boiling MgC12

solution on stress corrosion cracking of the stainless steels

available on the market were studied, it was observed as a result

that, as the concentration of the boiling MgC1 2 solutions de-

creases, grain boundary cracking occurs in the 304 and 316 steels

given sensitizing treatment. Grain boundary cracking occurred in

304 steels at concentrations of 25% or less, while it occurrediin
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316 steels at a higher concentration than in the 304 steels

(35%). Okada et al. [111 studied the various factors affecting

the forms of the cracks and reported that grain boundary cracking

tends to occura more readily when the Mo content is increased or

when negative polarization occurs while at the same time the con-

centration of the boiling MgC1 2 solution is lowered. It is be-

lieved that the fact that grain boundary cracking tends to occur

more easily as the concentration of the boiling MgC1 2 solution

isJ-1owered may be explained by the fact that the corrosiveness

oftthesolution is weakened, producing conditions which cause

elution to occur preferentially at the grain boundary part, as

compared with theinterior of the grain. The fact that grain

boundary cracking occurs in 316 steel in boiling MgC12 solutions

with a higher concentration than is the case in 304 steels, as

Okada et al. have also pointed out, is because the corrosion

resistance is relatively increased because Mo is contained. It

has been reported [~I2] that when sensitization isperflormediy

grainboundary cracking tends to occur more easily in boiling

20% NaCl solutions. These results can also be explained from

the fact that grain boundary cracking tends to occur more readily

when the corrosiveness of the solution weakens.

Many attempts have been made to separate the induction time

(ti) and the propagation time (tp) of stress corrosion cracking,

for instance by measuring the potential-time curves or by

measuring the changes in elongation [9, 10, 13-15]. However,

opinionsldiffer among researchers concerning the point in time at

which the propagation period may be regarded as beginning. The

writers measured the temporal changes of the natural potential.

They separated ti and tp at the point of time when destrkction of

the film took precedence over its repairnand when the potential

began to drop continuously, that is, at the peak potential. The

results for 304 steel and 316 steel are shown in Figs. 4 and 5.

That is, the results.for the 304 steel were 120~-160 0 C, and the
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results for the 316 steel were 134-160oC. At temperatures lower

than these, there were few changes in the potential, and separa-

tion was impossible. However, since not even microscopic cracks

can beuobserved after testing of 304 steel at 111 0C or of 316

steel at 12600, it is though tthat the minimum value of the in-

duction time for 304 steel is present at about 12000C, and that'for

316 steel is present at about 13000. The induction time for

cracking with reference to the boiling point of the boiling MgC12
solution is represented schematically in Fig. 14. The minimum

value of the induction time is dis-

playedtin a solution having a definite

corrosiveness, while the boiling point

" (concentration) displaying the mini-

mum value differs depending upon the

corrosion resistance properties of

the materials. This indicates that

ro ~ stress corrosion cracking depends on

rote the relative connections between

the repair velocity and the des-
5P*.aPMgof,swt,,'-.h truction velocity of the film [6].

Fig.14 Schematic figure illustrating corrosion
cnitin fnCo io cracki It is believed here that cracking

cannot occur in zone (I) because

the corrosiveness of the aolution is /1327

too weak and the repair velobitywoffkthedfiim is too rapid, and

that it cannot occur in zone (III) because there is a strong

corrosiveness, and there are overall corrosive properties. It

is believed that, in order for cracking to occur in zone (I), it

is necessary either for the pH to decline or for oxidizing agents

such asldissolved oxygen to be present. On the other hand, as has

already been mentioned, the fracture time displays its minimum

value because the fracture time is expressed as the total of the

induction time and the propagation time of cracking. The boiling

point (concentration) displaying the minimum fracture time shifts

depending upon the elements added because the component elements
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influence each other with respect to the induction time and the

propagation time, respectively.

There are many reports concerning the effects of the com-

ponent elements on stress corrosion cracking, but they deal mostly

with results obtained in boiling 42% MgC1 2 solutions. In this

report, we studied the effects of the component elements on stress

corrosion cracking mainly in austenitic stainless steels con-

sisting basically of 17Cr - (10-13)Ni steel. The studies were

made in boiling MgC1 2 solutions of various concentrations. Next,

on the basis of these results, let us make comparative studies

of the manner in which the effects of the component elementsvvary

depending upon the concentration of the MgC12 solution, taking

the effects of the component elements in boiling 42% MgC1 2 solu-

tions as the standard.

On the basis of results obtained in boiling 42% MgC1 2 solu-

tions, C is regarded as being an element which brings about a

remarkable reduction of the stress corrosion cracking suscepti-

bility [4-7, 16, 17], although there are also reports indicating

that there is the greatest cracking susceptibility when the C

contents are 0.06-0.1% [18-20]. It is believed that this is so

because C operates as an austenite stabilizing element while it

also converts the dislocation distribution into a cellular dis-

tribution [21, 22]. In the results obtained in these experiments

as well, C caused remarkable reductions of the cracking suscepti-

bility in boiling MgC12 solutions of more thani'l40
0 C; these

results coincided with the past results:obtained iniboiling 42%

MgC1 2 solutions. However, no effects of C can be observed at

temperatures of 125-1400 C. From the phenomenal standpoint, the

effects of C act to expand zone (III) in Fig. 14 in the direction

of the lower temperatures. On the other hand, C also causes

pronounced reductions in the cracking susceptibility at tempera-

tures of lower than 125 0 C. However, as was already mentioned,

when the concentration of the boiling MgC1 2 solution decreases,
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grain boundary cracking tends to occur easily; therefore, the

effects of C on the cracking susceptibility will differ under

conditions where sensitization takes place and Cr-starved parts

are formed. That is, the greater is the C content, the greater

will be the extent of the Cr-starved parts which are formed, and

the greater will be the susceptibility to grain boundary cracking.

Since C is an element which is effective with respect to cracking

inside the grain but which, on the contrary, is harmful with

respect to grain boundary cracking, the cracking susceptibility

is determined by means of the combination of both [23].

Si is another element which causes pronounced reduction of

the cracking susceptibility in boiling 42% MgC12 solutions (4-7,

19, 20, 24]. When Si is added at concentrations of 1.5-2.0% or

higher, almost no stress corrosion cracking will occur. In the

results of these experiments as well, Sibro.ught about pronounced

reductions in the cracking susceptibility in boiling 42% MgC12

solutions. However, no pronounced effects of Si can be observed

at temperatures of less than 130 0 C. It is believed that the fact

that the cracking susceptibility is reduced remarkably in boiling

42% MgC12 solutions does not have anything to do with structural

considerations [21]. Rather, it is believed that Si accelerates

active resolution, and the protective properties of the film

decline [7].

Concerning Cu, there are reports Whichihold thatlin beiling

42% MgCl 2 solutions it somewhat increases the cracking suscepti-

bility [7], but in other reports it is argued that it has almost

no effects on the cracking susceptibility [18, 25]. In the rei.L

sults of these experiments as well, in boiling 42% MgC12 solu",

tions, no difference could be observed in the cracking suscepti-

bility between <0.01% Cu and 1.07% Cu. However, this is so

because there is a somewhat high content of P, which causes a

pronounced increase in the cracking susceptibility. It is
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believed that the adverse effects of Cu appear when the P con-

tents are lowered [7]. On the other hand, at temperatures lower

than 1259C, Cu was observed to have the effect of reducing the

cracking susceptibility. These results coincide with the results

showing that Cu causes a pronounced reduction of the cracking

susceptibility, in boiling 20% NaCl solutions, which are ohly

weakly corrosive [23]. This is believed to be on account of

Cu's effect in improving the corrosion resistance properties [7].

There are many reports concerning the effects of Ni. All

the reports agree that, when the Ni contents are increased, the

alloys become immune to cracking [1-3, 5, 19, 20, 24]. However,

the amounts of Ni which give immunity differ depending upon

differences in the basic components or the amounts of impurities

such as P or N. Among the possible causes of the effects of Ni

are the effects on both the structural [21, 26, 27] and the

electrochemical [6, 28] aspects. In the effects of these experi-

ments as well, Ni brought about reductions in the cracking sus- /1328

ceptibility. However, it became clear that this effect is most

pronounced at temperatures of 145-1550C and that the effect

ceases to be pronounced at low temperatures. Ni differs from

the other component elements in that it displayed no tendency to

cause shifts of the boiling point (concentration) displaying the

minimum fracture time.

The effects of Cr differ depending upon the amounts of Ni

present. In the results obtained in boiling 42% MgC12 solutions,

some reports indicate that it somewhat increases the cracking

susceptibility [24], while there are other reports indicating.that

the maximum cracking susceptibility occurs at a Cr concentration

of about 20% [25]. It was learned as a result of these experi-

ments that in boiling 42% MgC12 solutions increases of the Cr

content led to increases in the cracking susceptibility, but that

no pronounced effects of thd&Cr could be observed at temperatures

18
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of less than 13000C. The effects when the Cr contents were re-

duced tended to be the same as the effects when the Si contents

were increased, as described above. It is believed thattthe

decline of the cracking susceptibility in boiling 42% MgC12

solutions when the Cr content is reduced is because the corrosion

resistance declines and the protective properties of the film

decrease [7].

It has been reported that Mo is a harmful element for stress

cnorrosion cracking in boiling 42% MgC12 solutions and that the

cracking susceptibility will increase remarkably when even

0.1-0.2% of it is contained as an impurity [5, 7, 16]. However,

there are also reports stating that there is the greatest

cracking susceptibility at Md contents of 1-2%, but that, on the

contrary, cracking susceptibility declines at contents greater

thatthis [18]. On the other hand, it is reported that, in 20%

NaCl solutions, Mo is an element which causes remarkable reduc-

tions in the cracking susceptibility [29]. The effects of Mo

differ depending upon the environment. In these experiments,

we studied the effects of Mo in 17Cr-13Ni steels and the effects

of minute quantities of Mo in 18Cr-10Ni steels. It was ascer-

tained, as a result, that in boiling 42% MgCl 2 solutions Mo causes

pronounced increases in the cracking susceptibility. On the

other hand, when the effects of Mo at temperatures lower than

13000 are examined, it is clear that stainless steels containing

no Mo at all display the smal]est susceptibility to cracking.

However, when 0.96% Mocandl:1.96% Mo stainless steels are com-

pared, it is obvious that Mo causes a reduction of the cracking

susceptibility. This coincides with the differences in the

susceptibility to stress corrosion cracking between 304 steels

and 316 steels at temperatures lower than 13000, as mentioned

above. This indicates that there is an Mo quantity in the

vicinity of 1% at which the cracking susceptibility is increased

to theumaximum in a 1300.0 solution. The fact that the cracking
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susceptibility is increased by Mo concentrations. of up to 1%

is probably explained by the fact that Mo acts to change the

dislocation arrangement into a planar one [28, 30]. On the

other hand, it is believed that the fact that the cracking sus-

ceptibility is reduced by Mo concentrations of more than 1% may

be explained by the fact that the improvement of the corrosion

resistance brought about by Mo has a pronounced effect on the

cracking susceptibility [7]. Naturally, the amounts of Mo which

increase the cracking susceptibility to the greatest degree differ

depending upon the corrosive properties of the solution.

It has been observed that N is harmful [5, 16, 17, 19, 20].

The possible explanations for this may be that it acts to

convert the dislocations into planar ones [21, 28] or that it

increaseskthe cracking susceptibility by segregating in the

dislocations [31, 32]. It wasalso. e.onfirmed- in the results of

these experiments that N increases the cracking susceptibility.

However, the adverse effects of N are less than those of P.

P is an element which remarkably increases the cracking

susceptibility. The writers [8] examined the effects of P and N

in 18Cr-10Ni steels in boiling MgCl 2 solutions of 154
0 C. They

stated that when the P content is less than 0.003%, there will be

immunity to stress corrosion cracking regardless of the N con-

tents. They reported that the fact that P causes an increase in

the cracking susceptibility is attributable to the fact that it

converts the dislocation arrangement into a planar one, while at

the same time heightening the protective properties of the film

and accelerating local corrosion. It has also been observed that

when the P contents increase there occurs elution with a specific

crystalline orientation [33]. In the course of these experiments

as well, it was ascertained that, when the P contents are reduced,

this will reduce the cracking susceptibility, especially in

boiling MgCl 2 solutions with concentrations of 42% or greater.
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However, cracking will begin to occur when the concentration is

lowered, such as in boiling 40% MgC1 2 solutions (138 0 C), and the

corrosive properties arec;semewhat weakened. This shows that

the relative velocity of film repair and elution in these solu-

tions provides corrosion conditions favorable. for the occurrence

of cracking.

On the basis of the boiling point (concentration) / fracture

time curvesof the boiling MgC1 2 solutions for the component

elements studied in the preceding (C, Si, Cu, Ni, Cr, Mo, N, and

P), it is possible, on the phenomenal level, to classify these

elements into the following three types. One type consists of C

and Si. The greater is the amount of these elements contained,

the farther the boiling point displaying the minimum fracture

time moves towards the lower temperatures, and the less will be

the cracking susceptibility in boiling 42% MgC1 2 solutions. This

fact means that C and Si expand zone III in Fig. 14, spreading it

out towards the lower temperature region. However, Si does not

exert a great influence on the cracking susceptibility at a

point below the boiling point (concentration) displaying the

minimum fracture time. A second type includes Cu, Cr, Mo, N, and

P. As the contents of these elements increase: ,,the farther will

the boiling point displaying the minimum fracture time move

towards the higher temperatures, causingta pronounced increase in

the cracking susceptibility in boiling 42% MgC12 solutions.

However, although Mo and Cu improve the corrosion resistance, at

lower temperatures they act to reduce the crack susceptibility.

This means that they expand zone I in Fig. 14, spreading it out

towards the higher temperatures. A third type is Ni. This

elements causes a reduction of the cracking susceptibility

throughout the entire temperature range without causing any

shifts of the boiling point (concentratioh() displaying the mini-

mum fracture time. However, its effect is most pronounced at

145,1550C..
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V. Conclusion

In order to elucidate the effects of the component elements

on the stress corrosion cracking of austenitic stainless steels,

we studied the properties of stainless steels sold on the market

and the effects of component elements such as C, Si, Cu, Ni, Cr,

Mo, N, P, and minute quantities of Mo in boiling MgCl 2 solutions

of various concentrations. The following facts were clearly

established as a result.

(1) Studies of the stress corrosion cracking susceptibility

of stainless steels sold on the market revealed the following:

(i) The lower limits of the MgC1 2 concentration at which

cracking occurred in 304, 321, and 347 steels were 20-25%. On

the other hand, the lower limit was 35% MgC12 in 316 steels, which /1329

have a higher corrosion resistance. In Carpenter 20 steel,

cracking would occur only in a 45% MgC1 2 solution.

(ii) As the concentration of the boling MgCl 2 solutions

decreased and the corrosive properties weakened, grain boundary

cracking occurred in sensitized 304 and 316 steels. Grain

boundary cracking occurred in 316 steels, which have a high cor-

rosion resistance, in MgC1 2 solutions having higher concentra v

tions than in the case of 304 steels.

(2) The induction time and propagation time of cracking were

separated on the basis of the temporal changes in the natural

potential of the 304 and 316 steels and on the basis of micro-

scopic observations. The relationships with the boiling points

of the boiling MgC1 2 solutions were then sought. The following

findings were obtained as a result.

(i) It is believed that the minimum value of the induction

time is displayed at about 120 0 C in 304 steels and at about 1300C
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in 316 steels. On the other hand, the propagation time becomes

shorter as the boiling point rises.

(ii) The fact that the boiling point (concentration) / frac-

ture time curves of boiling MgC1 2 solutions display a minimum

value is because the fracture time is expressed as the sum of

these.

(3) The boiling point (concentration) / fracture time curves

of the boiling MgC12 solutions were sought for various types of

stainless steel in which the contents of the component elements

were varied. As a result, it was clearly established that they

can be classified into the following three types of elements.

(i) C and Si cause the boiling point displaying the mini-

mum fracture time to shift towards the lower temperatures and

cause the cracking susceptibility in boiling 42% MgC1 2 solutions

to decline. However, at lower temperatures, Si does not have a

great influence on the cracking susceptibility.

(ii) Mo, N, P, Cr and Cu cause the boiling point displaying

the minimum fracture time to shift towards the higher tempera-

tures and cause an increase of the cracking susceptibility in

boiling 42% MgC1 2 solutions. However, Mo and Cu cause a decrease

of the cracking susceptibility at low temperatures.

(iii) Ni causes a decrease of the cracking susceptibility

throughout the entire temperature region without causing any

shifts of the boiling point displaying the minimum fracture time.
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